Introduction
[2] Increased nitrogen loading to coastal systems is changing aquatic environments worldwide [National Research Council, 1994] . Eutrophication due to increased N loading can lead to increases in phytoplankton and macroalgae [Duarte, 1995; Hauxwell et al., 1998 ], the loss of important estuarine habitats like sea grasses, and the loss of important commercial shellfish and finfish species, such as cod [Tveite, 1984] , bay scallops [Pohle et al., 1991] , and blue crabs [Heck and Orth, 1980] . Eutrophied estuaries suffer from anoxia [Zimmerman and Canuel, 2000] and harmful algal blooms, including brown tides [Hodgkiss and Ho, 1997] .
[3] The increases in N loads derive from increases in atmospheric deposition [Paerl and Whitall, 1999] , the use of fertilizer [Jordan et al., 1997] , and the disposal of wastewater [Galloway, 1998; Caraco and Cole, 1999] . The evident effects of increasing eutrophication have prompted searches for adequate indicators of N sources and the magnitude of N loads [Costanzo et al., 2001; Schallenberg and Burns, 2001] . One approach that seems promising is to measure d N can be used to identify different sources of N, elucidate food web structure [Peterson and Fry, 1987; McClelland and Valiela, 1998a] , and describe biogeochemical processes such as denitrification, nitrification, and N 2 fixation [Lund et al., 2000; W. Pabich, personal communication, 2002] . The ratio is expressed as N and the reference is atmospheric N 2 [Peterson and Fry, 1987] .
[4] Nitrogen in untreated wastewater typically has d
15 N values of +5 to +9% [Aravena et al., 1993; Waldron et al., 2001] , while d
15
N values of nitrogen in atmospheric deposition range from about À12 to +5% [Russell et al., 1998] and d
N values of nitrogen in fertilizers range from about À3 to +3% [Kreitler and Browning, 1983] . Physical and biological processes can increase the d
15 N values of all three sources. However, 15 N enrichment is most pronounced when excess nitrogen is coupled with a ready carbon source. Thus nitrogen from wastewater, dominated by nitrate, and fertilizers tends to become more 15 N enriched than nitrogen from atmospheric deposition. Nitrogen 15 enrichment of wastewater nitrogen has been particularly well documented: Denitrification within septic systems and wastewater treatment plants typically leaves the remaining nitrate pool with d
15 N values between +10 and +22% [Kreitler and Browning, 1983; Aravena et al., 1993] . Although less well defined, similarly high values for fertilizer-derived nitrate in stream water have also been documented [Fry et al., 2003] . These values are significantly higher than the d
N values between À2 and +8% that have been measured in groundwater nitrate derived from atmospheric deposition [Kreitler and Browning, 1983; McClelland and Valiela, 1998b] .
[5] The high d 15 N value of NO 3 derived from wastewater and the strong gradient from river to ocean made it possible for McClelland and Valiela [1998b] , Heikoop et al. [2000] , and Wigand et al. [2001] to use d 15 N to identify entry of wastewater N to coastal waters by examining the signatures of N in water, macrophytes, and fauna within receiving waters. Macrophytes are excellent potential indicators because they are widely distributed, abundant, and long-lived.
[6] In this paper we further explore the application of isotopic signatures in macrophytes as indicators of N loading from wastewater. Our study focused on sites in the Cape and Islands region of Massachusetts. Freshwater inputs and nutrient loads to estuaries and ponds on the Cape and Islands are delivered predominantly by groundwater. Land cover in the region is primarily forested, and land-use is dominated by residential development. Within this context we specifically examined the relationships between isotopic signatures in macrophytes and the magnitude of land-derived N loads, water column dissolved inorganic nitrogen (DIN) concentrations, and wastewater inputs. We also examined whether particulate organic matter was useful to indicate wastewater N contribution and N loads [McClelland et al., 1997; McClelland and Valiela, 1998a] , and whether seasonal variation may mask the relationship of primary producer d 15 N to N loads [Roelke et al., 1999] . This study differs from previous work by testing a large number of ponds and estuaries across a range of wastewater loading rates. In addition, this study also compares several types of samples (POM, algae, macroalgae, vascular plants, groundwater nitrate) to assess which sample type provides the best indicator of land-derived wastewater.
Methods

Site Selection
[7] We sampled three estuaries (Mashpee River, Great Pond, and Green Pond) and three freshwater ponds (Coonamessett Pond and Ashumet Pond) in southwestern Cape Cod and on Nantucket Island, Massachusetts (Miacomet Pond) (Figure 1 ). In addition, we used data for Sage Lot Pond, Quashnet River, and Childs River, all on Cape Cod, previously published by McClelland et al. [1997] and McClelland and Valiela [1998b] . All nine sites are underlain by sandy, unconsolidated sediments, with an average groundwater travel time of 146 m yr
À1
[ LeBlanc et al., 1991] . Groundwater discharge through seepage faces into water bodies accounts for, on average, 93% of land-derived freshwater inputs to Cape Cod estuaries [Valiela et al., 2002] . Groundwater samples collected at the seepage face, where fresh groundwater meets estuarine or pond water, represent the bulk of groundwater flow into receiving waters [Valiela et al., 2002] . NO 3 values, approximately 500 g of rooted macrophytes, floating macrophytes, and floating macroalgae were collected from 10 widely spaced locations with comparable depths within the freshwater ponds, and in estuaries where salinity was 25 -30% (Table 1) . Subsamples from each location were combined into one sample per estuary. In most cases, whole plants and macroalgae were sampled, with the exception of Spartina alterniflora and Typha latifolia, where only leaves were collected. The producer tissues were then dried at 60°C for 3 days, ground to a fine powder with a mortar and pestle, and stored in a scintillation vial in a dessicator until analysis.
[9] Particulate organic matter (POM) was collected in 2-L bottles from three locations in each water body, filtered onto ashed glass fiber filters, dried at 60°C for 3 days, and stored in a scintillation vial in a dessicator until analysis. The d
15
N values in the macrophyte tissue and POM were determined by the Boston University Stable Isotope Laboratory and the University of California, Davis, Stable Isotope Facility with a Finnigan Delta-S isotope-ratio mass spectrometer coupled to a Heraeus element analyzer.
Groundwater Sampling
[10] To link the isotopic signature imparted by watershed land-use patterns to the signature of NO 3 of groundwater about to enter an estuary or pond, we measured d 15 N of the NO 3 in samples of groundwater collected from each watershed. We measured isotopic values of nitrate because it is the dominant inorganic nitrogen source available to producers in these systems [Valiela et al., 2000] . Groundwater was collected at the seepage face along the perimeter of each estuary or pond, using drive-point piezometers [Valiela et al., 2000] . Solute concentrations in groundwater samples are highly variable, particularly in urbanized areas that contain numerous small plumes emanating from septic systems [Cole, 2002] . We collected 250 mL of groundwater approximately every 50 m along the perimeter of each estuary or pond. We composited each set of four consecutive groundwater samples, each composite thus representing approximately 200 m of shoreline. For stable isotope analysis, we combined two adjacent 200-m composites, so that each isotope value represented about 400 m of shoreline. In Cape Cod, freshwater ponds commonly receive flowing groundwater on the up-gradient side, and discharge pond water into the aquifer on their down-gradient side [Strahler, 1966] . Groundwater was therefore only sampled along the up-gradient portion of a pond margin. After collection, water samples were filtered through 0.7-mm ashed glass fiber filters (Whatman GF/F) and either acidified and stored at 4°C (summer) or frozen (fall and winter).
Water Column Sampling
[11] To assess the relationship of producer d 15 N to water column DIN concentrations, we measured NO 3 and NH 4 in the water column. We collected water column samples from Mashpee River and Green Pond in September of 1997 and 1998. Water column samples for Sage Lot Pond, Quashnet River, and Childs River were collected monthly from 1991 to 1996 as part of the Waquoit Bay Long-term Monitoring of Ecosystems Research (WBLMER) project (WBLMER database). Water was collected at 0.5 m below the surface and 0.5 m above the sediment, in transects down each estuary. After collection, water samples were filtered through 0.7-mm ashed glass fiber filters (Whatman GF/F) and frozen until nutrient analysis.
Nutrient Analyses
[12] We measured NH 4 concentrations colorimetrically by the phenol/hypochlorite method [Strickland and Parsons, 1972] or fluorometrically [Holmes et al., 1999] . Nitrate concentrations were measured colorimetrically after cadmium reduction to NO 2 using either a manual method [Jones, 1984] or using a Lachat autoanalyzer. The values arrived at by this method are actually NO 3 + NO 2 , but because NO 2 concentrations were typically an order of magnitude lower than NO 3 , we will refer to this value as the NO 3 concentration. In spite of using two methods, the range of concentrations was very large relative to any error associated with these analyses. Concentrations measured by two different methods should certainly be within a few micromoles of each other, and error is assessed based on standards.
Nitrogen Loading Calculation
[13] The two primary sources of nitrogen to the watersheds of the Cape and Islands come from wastewater disposal and atmospheric deposition [Valiela et al., 1990] . Although contributing considerably less, fertilizers also make a significant contribution to N loads in some locations. To determine the contributions from wastewater disposal, fertilizer use, and atmospheric deposition to the total land-derived nitrogen load to each water body, we used NLM, a nitrogen loading model [Valiela et al., , 2000 . We first identified watershed boundaries using water table contours from the U.S. Geological Survey [Savoie, 1995] . We then compiled land uses for each watershed and subwatershed from aerial photos and Geographic Information System databases. The land use data were then entered into NLM, to calculate nitrogen loads. The loads are reported as kg N yr À1 per hectare of receiving water. Some assumptions associated with the model were that groundwater is the major N source, that coastal upwelling is negligible, that the watersheds were urbanized with little agriculture, that there was a lack of N 2 fixing crops, and that the sediments were Sigman et al. [1997] . MgO was added to raise sample pH to 9.7 to convert NH 4 to NH 3 ; NH 3 at this pH volatilizes out of the sample. Samples were then boiled down to concentrate NO 3 and to volatilize NH 3 . We added ashed reagent-grade NaCl to samples before boiling to compensate for the lack of NaCl in the fresh groundwater, since the method was developed for salt water. An acid trap (a glass fiber filter with H 2 SO 4 sandwiched between two Teflon filters) was added to the sample along with Devarda's alloy. Devarda's alloy converts NO 3 to NH 3 , which volatilized out of the sample and was trapped on the filter. To allow the diffusion to reach completion, the samples were shaken for 1 week at 40°C [Sigman et al., 1997] . These conditions were shown by Sigman et al. [1997] to be sufficient to remove all of the N from the sample. After the diffusion process the acid traps were placed in scintillation vials, dried, and stored in a dessicator until analysis. The N collected on the acid traps was analyzed on a Europa Scientific Hydra 20/20 mass spectrometer at the Boston University N values of the different types of samples measured related differently to nitrogen load, DIN concentration, and wastewater, we tested for homogeneity of slopes. If the slopes were not significantly different, we used an analysis of covariance (ANCOVA) (Statview 5.0.1) with nitrogen load, DIN concentration, and wastewater as covariates to test if the y-intercepts of each regression line were significantly different.
Results and Discussion
[17] To test how well stable isotopes in producers reflect anthropogenic N input to aquatic systems, we first assessed whether there was seasonal variation in macrophyte and POM d 15 N signatures. We then related aquatic macrophyte and POM d 15 N signatures to three variables that reflect anthropogenic activities: land-derived N loads, water column DIN concentrations, and proportion of the N load derived from wastewater.
[18] The dominant macrophyte taxa we found in the water bodies, including rooted vascular plants, nonrooted vascular plants, and nonrooted macroalgae, differed from one pond or estuary to another ( Table 1 ). The range of d 15 N encompassed by the values in the producers was considerable (0.5 -13.8%), as was the estimated range of wastewater as a percent of the total land-derived N load (5 -80%), and land derived N loads (5 -410 kg N ha À1 yr
À1
). Water column DIN concentrations were less variable (1.8 -12.6 mM). All data presented can be found in Table 1 .
[19] Despite concerns of some authors [Gu et al., 1996; Brenner et al., 1999] , in the water bodies in which we were able to evaluate seasonality there seemed to be little seasonal change in the signatures of POM and macrophytes (Figure 2) . No significant or consistent trends across time were evident in the data set. Kwak and Zedler [1997] [20] There was no difference between the relationships of rooted and nonrooted macrophytes to land-derived N load (Table 2) , so regressions were calculated using all the macrophyte data. (Figure 3b ), although points seemed to cluster around 4 and 7%. The cause of this clustering is not apparent and may need further study.
[21] The d
15
N values in macrophytes ( Figure 4a ) and in POM (Figure 4b ) also increased as DIN concentrations in the water column increased, although with low R 2 values (Figure 4b ). The predictive capacity of these relationships seems hampered by the dearth of points, but they suggest the promise of the approach, even in relation to highly variable annual average DIN concentrations. The shape of these responses match results by Lake et al. [2001] for sediments and consumers, in spite of the differences in trophic levels between the two studies.
[22] Macrophyte d 15 N signatures became significantly heavier as the percent wastewater of N loads entering the water bodies increased (Figure 5a ). We assessed rooted and nonrooted macrophytes separately because their regressions [1997] and McClelland and Valiela [1998b] . Isotope values are means of all seasons collected. Error bars represent standard error. Abbreviations for sites are SLP, Sage Lot Pond; CP, Coonamessett Pond; MP, Miacomet Pond; GtP, Great Pond; GnP, Green Pond; MR, Mashpee River; QR, Quashnet River; and CR, Childs River. differed significantly. For both rooted and nonrooted macrophytes we combined data for both freshwater and estuarine species, because the regressions did not differ significantly (Table 2) . We also plotted the relationship between percent of wastewater and groundwater d 15 NO 3 (Figure 5a ). The three regression lines shown have the same slope, but are offset from one another. These aquatic systems are acting in a remarkably uniform manner to enrich d 15 N values in the water column. Some similar processes must be occurring in all systems. This interesting phenomenon requires further research. In this study, all producers responded similarly to wastewater inputs. In a previous study of three of the same estuaries, McClelland and Valiela [1998b] found that the slope of this relationship for eelgrass (not sampled in the present study) was different from the slope for macroalgae and S. alterniflora.
[23] The offset in regressions for the different groups of producers may derive from differences in nutrient sources.
Rooted plants have direct access to sediment and groundwater-borne N [Tobias et al., 2001] Figure 5a , but with values heavier than nonrooted macrophytes. When plants assimilate N, there is generally a fractionation of À1% to À10% (product -substrate [Peterson and Fry, 1987; Fogel and Cifuentes, 1993] ). The fact that both rooted and nonrooted macrophytes had higher d
15 N values than those of groundwater nitrate in spite Valiela [1998b] . Isotope values are means of all seasons collected. Error bars represent standard error. Abbreviations for sites are SLP, Sage Lot Pond; GnP, Green Pond; MR, Mashpee River; QR, Quashnet River; and CR, Childs River. of any fractionation effect during uptake implies that both rooted and nonrooted macrophytes must have taken up some of their N from the water column. Rooted plants use a mixture of N sources [Pedersen et al., 1997; Dudley et al., 2001] N values. The relationship may be less clear in systems with major differences in the behavior of N within watersheds, in the route of N delivery from the watershed to receiving waters, or in the amount of seasonal coastal upwelling of nitrogen. Nitrogen loading models to calculate percent wastewater need to be appropriate for the geographic region. For instance, in areas with large fertilizer N inputs and extensive denitrification of that source, fertilizer d 15 N values may not differ from those of wastewater [Fry et al., 2003] . In this study, macroalgae and vascular plant d 15 N values responded similarly to wastewater in spite of marked differences in their structures. There may be other species that do not respond in such a manner. For instance, plants that have nitrogen fixing bacteria in their rhizospheres would have a very different d 15 N value than those that do not. Additionally, receiving waters fed by streams or rivers with long residence times may lose the land-derived signal during more extensive cycling of N in route to the receiving water. In this case, a broad geographic study to address these issues is warranted.
[25] Particulate organic matter d 15 N values were also significantly related to modeled percent wastewater contribution to N loads (Figure 5b ), but the scatter was greater than for macrophytes and the coefficient of determination was less predictive [Prairie, 1996] . Similar variation in the range of POM d 15 N values has been found elsewhere [Gu et al., 1996] .
[26] In conclusion, in this study, N stable isotopes were good tracers of land-derived wastewater, regardless of the type of water body or season. It is clear from the broad consistency among sites that this isotopic method can provide managers and policy makers with a simple and cost-effective tool for determining how dominant wastewater is as an N source to ponds and estuaries of the Cape and Islands. The relationship of macrophyte d 15 N to the percent of the N contributed by wastewater is good enough to estimate the percent of wastewater N load in water bodies to within 10% of the actual load where such information is lacking. The method can be taken one step further to calculate a quantity of wastewater load, not just a percentage of the total load, if the total N load is known. This method can be used as a long-term monitoring tool to assess increases in wastewater over time in a particular water body. It can also be used at a regional scale to compare wastewater inputs to a number of ponds and estuaries. Further examination of the relationships between nitrogen sources and stable N isotope ratios of aquatic macrophytes in regions with other hydrologic regimes and land-use patterns will be needed to define the full extent and limitations of using stable N isotopes as a monitoring tool. Nonetheless, the robust relationships demonstrated by this study show that use of macrophyte d
15 N values to evaluate N inputs to aquatic systems can be a very effective approach.
